Do mirror planets exist in our solar system? 
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^ : ABSTRACT 
< 

if^ • Mirror matter is predicted to exist if parity is an unbroken symmetry of nature. 

Currently, there is a large amount of evidence that mirror matter actually exists coming 
from astrophysics and particle physics. One of the most fascinating (but speculative) 
possibilities is that there is a significant abundance of mirror matter within our solar 
ly-^ I system. If the mirror matter condensed to form a large body of planatary or stellar mass 

' then there could be interesting observable effects. Indeed studies of long period comets 

Q ■ suggest the existence of a solar companion which has escaped direct detection and is 

therefore a candidate for a mirror body. Nemesis, hypothetical "death star" companion 
of the Sun, proposed to explain biological mass extinctions, may potentially be a mirror 
Q_|. star. We examine the prospects for detecting these objects if they do indeed exist and 

Q i are made of mirror matter. 



Subject headings: dark matter - stars: individual (Nemesis) 



^ , One of the most interesting candidates for dark matter coming from particle physics is "mirror 

^ I matter" . Mirror matter is predicted to exist if parity is a symmetry of Nature (Lee and Yang 1956, 

Kobzarev et al. 1966, Pavsic 1974, Foot et al. 1991). The idea is that for each ordinary particle, such 
as the photon, electron, proton and neutron, there is a corresponding mirror particle, of exactly the 
same mass as the ordinary particle. The fundamental interactions of the mirror particles precisely 
mirrors those of the ordinary particles. For example, the mirror proton interacts with the mirror 
photon in precisely the same way in which an ordinary proton interacts with an ordinary photon. 
The mirror particles are not produced in laboratory experiments just because they couple very 
weakly to the ordinary particles. In the modern language of gauge theories, the mirror particles 
are all singlets under the standard G = SU{3) SU{2)l (g) U{1)y gauge interactions. Instead the 
mirror particles interact with a set of mirror gauge particles, so that the gauge symmetry of the 
theory is doubled, i.e. G®G (the ordinary particles are, of course, singlets under the mirror gauge 
symmetry) (Foot et al. 1991). Parity is conserved because the mirror particles experience V + A 
mirror weak interactions and the ordinary particles experience the usual V — A weak interactions. 
Ordinary and mirror particles interact with each other predominately by gravity only. 
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While mirror matter has always been extremely well motivated theoretically, it is only in 
relatively recent times that the experimental and observational evidence for it has accumulated 
to the point where an impressive case for its existence can be made (for a review of the current 
status of mirror matter, see Foot 2001b). First, it provides a natural candidate for dark matter. 
Mirror matter is naturally dark and stable and appears to have the necessary properties to explain 
the dark matter inferred to exist in the Universe (Blinnikov and Khlopov 1982, 1983, Kolb et al. 
1985, Khlopov et al. 1991, Hodges 1993, Matsas ct al. 1998, Bell and Volkas 1999, Berezinsky and 
Vilenkin 2000, Berezhiani et al. 2000). On galactic scales, there is evidence from a recent weak 
microlensing study (Erben et al. 2000, Gray et al. 2001) for large clumps of invisible matter which 
might be a mirror galaxy (or galaxy cluster) (Foot 2001b). Within galaxies such as our own Milky 
way, mirror matter may be the dominant component of the halo, thereby explaining the MACHO 
observations (Silagadze 1997, Blinnikov 1998, Foot 1999, Mohapatra and Teplitz 1999) ^. On small 
scales (such as solar system scale) systems containing ordinary and mirror matter could exist but 
it is likely that they should be quite unequally mixed (e.g. 99% ordinary matter and 1% mirror 
matter). This is because ordinary and mirror matter arc naturally segregated on small scales as 
they don't have common dissipativc interactions (Blinnikov and Khlopov 1982, 1983, Kolb et al. 
1985, Khlopov et al. 1991). In fact, the strange properties of some of the extrasolar planets may 
be explained more naturally if they are mirror planets (Foot 1999b, 2001a). Furthermore, recent 
Hubble Space Telescope star count results show the deficit of local luminous matter (Blinnikov 
1999, 2000; However there is some controversy with Hipparcos satellite data, sec Holmberg and 
Flynn 1998), expected if the population of the mirror stars in the galactic disk is numerous enough 
(Blinnikov and Khlopov 1982, 1983). 

On quite a different tack, there is evidence for mirror matter coming from the solar and 
atmospheric neutrino anomalies (Foot et al. 1992, Foot 1994, Foot and Volkas 1995. For a review 
of the neutrino physics anomalies, see e.g. Langacker 1999). Ordinary and mirror neutrinos are 
maximally mixed with each other if neutrinos have mass (Foot et al. 1992, Foot 1994, Foot 
and Volkas 1995). The maximal v^, u'^ (the ' denote the mirror particle) oscillations predict 
an approximate 50% Ue flux reduction thereby explaining the solar neutrino experiments while 
the maximal v'^ oscillations predict the up-down neutrino asymmetry observed in Super- 

Kamiokande (Fukuda et al. 1998a, 1998b) (see e.g. Foot et al. 1998, Foot 2000, Fornengo et al. 
2000 for a fit of maximal v'^ oscillations to the data). The idea is also compatible with the 

LSND experiment (Foot et al. 1992, Foot 1994, Foot and Volkas 1995). Interestingly, maximal 
ordinary - mirror neutrino oscillations do not pose any problems for big bang nucleosynthesis 
(BBN) and can even fit the inferred primordial abundances better than the standard model (Foot 
and Volkas 1997, 2000). 



'^The conventional red, brown or white dwarf interpretation of these MACHO events have real problems (see e.g. 
Frcoso ct al. 1999). It is also possible that the MACHO events are due to lens in the LMC (and not actually in the 
halo of our galaxy), however this interpretation also is problematic (see for example, Gyuk et al. 1999). 
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Finally there axe several other interesting effects of mirror matter which have been discussed 
such as photon - mirror photon kinetic mixing (Holdom 1986, Glashow 1986, Carlson and Glashow 
1987, Collie and Foot 1998), Higgs - mirror Higgs mixing (Foot et al. 1991, H. Lew, unpublished) 
and possible ordinary - mirror particle interactions (Silagadze 1999) expected in currently popular 
models of large extra dimensions (Akama 1982, Rubakov and Shaposhnikov 1983, Arkani-Hamed 
et al. 1998). It should also be noted that there are variants of the mirror matter idea where the 
mirror symmetry is assumed to be spontaneously broken (Barr et al. 1991, Akhmedov et al. 1992, 
Foot and Lew 1994, Bcrczhiani and Mohapatra 1995, Berezhiani et al. 1996, Berezhiani 1996, 
Mohapatra and Sciama 1998, Lindebaum et al. 2000). 

Given the possibility that many nearby stars have "hot jupiters", which may really be "cool 
mirror planets", it is possible that there are also mirror stars/planets/comets etc gravitationally 
bound to our sun. Of course, any very nearby large planet would have been detected via its 
gravitational influence. A more distant companion is a priori a fascinating possibility. In fact 
there is some evidence for the existence of such objects from biological mass extinctions and recent 
studies of long period comets as we now discuss. 

Over the past 15 years or so there has been speculation that there is a companion star to the sun, 
called "Nemesis" (Whitmire and Jackson 1984, Davis et al. 1984) . The motivation for Nemesis was 
based on studies suggesting that biological mass extinctions displayed some periodicity (on a time 
scale of about 26 million years) which required an extraterrestrial cause (Raup and Sepkoski 1984). 
It was also argued that the ages of craters displayed a similar periodicity (Rampino and Stothers 
1984, Alvarez and MuUer 1984). The idea is that Nemesis would have a moderately eccentric orbit 
with an orbital period of 26 million years, which would periodically disturb the Oort cloud and 
cause comets to enter into the inner solar system and trigger the mass extinctions. Subsequent 
searches for Nemesis failed to find it (Perlmutter 1986) and also some studies suggested that its 
orbit was likely to be unstable (see e. g. Clube and Napier 1984). However if the orbit is near the 
galactic plane, the current Nemesis's lifetime can be as big as 10^ years (Hut 1984, Torbett and 
Smoluchowski 1984, Vandervoort and Sather 1993). This lifetime is not long enough for Nemesis 
to have been in such a large orbit at the formation of the solar system, about 5 x 10^ years ago. 
However at the formation of the solar system, at which time Nemesis was also presumably formed, 
the orbit may have been much tighter, expanding to the present orbit as a consequence of tidal 
perturbations from passing stars and molecular clouds (Hut 1984). It has been argued that the 
perturbations by gigantic molecular clouds may be the most serious threat for stability of Nemesis 
(Clube and Napier 1984), but it has also been argued that the very diffuse nature of these massive 
clouds greatly reduces the possible effect (Morris and MuUer 1986). 

Recently, new much more direct evidence for planetary or stellar companions to the sun has 
also emerged. Two groups (Murray 1999, Matese et al. 1999) have studied the orbits of long period 
comets. They find that there is a statistically significant excess of aphelion distances of long-period 
comets aligned on a great circle (for comets in the 30k-50k A.U. range). The approach of the 
two groups was quite different, with the Murray 1999 taking a subsample of the most accurately 
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observed long period comets while Matese et al. 1999 used a larger sample, but included less well 
observed comets. Apparently, the two groups find somewhat different great circles, which can mean 
several things. It might mean that there are two companions, or only one companion (if one of the 
groups is mistaken) or no such companion (if they both screwed up). For example, the study of 
Murray 1999 finds that the data suggests the existence of a large planet or star with orbital period 
of around 6 million years (which implies a distance from the sun of about 32000 A.U. for a circular 
orbit). The analysis suggests that the orbital plane of the companion planct/star was inclined at 
roughly 35° to the galactic plane with a retrograde orbit. Interestingly, both of these characteristics, 
the relatively low inclination to the galactic plane and the retrograde orbit were already identified 
as necessary conditions for the stability of such orbit (Hut 1984, Torbett and Smoluchowski 1984, 
Vandervoort and Sather 1993). Thus, it seems to be possible that the hypothetical planet/star 
identified in Murray 1999 was an original member of the solar system. Clearly, further data should 
clarify whether such companions really exist. 

If companion stars/planets do exist, then it is possible that they are light enough to be below 
the hydrogen burning threshold and may have escaped detection. However, another possibility is 
that the companion objects may be made of mirror matter (the possibility that Nemesis exists 
and is made of mirror matter was earlier discussed in Silagadze 2001 ^). This will give a simple 
explanation for why their orbital plane is inclined with respect to the ecliptic (naturally, tidal 
perturbations may have modified their orbits somewhat over time too). Indeed, because ordinary 
and mirror matter couple together mainly by gravity, it is natural for the ordinary and mirror parts 
of nebula (from which the solar system was made) to have different initial conditions, like angular 
momentum. If the galaxy contains a significant amounts of mirror matter, such mixed protosolar 
nebula can be formed, for example, during inter-penetration of ordinary and mirror giant molecular 
clouds (Khlopov et al. 1991). 

Of course it is certainly true that if there is a mirror matter companion within our solar system 
then its existence will be challenging to establish. Nevertheless it is important to keep in mind that 
this possibility, which might be true, is in principle a testable hypothesis! 

First of all let us mention some indirect checks. If the Sun-Nemesis constitute a mixed binary 
system there will be other similar star systems around. We have already mentioned strange proper- 
ties of some recently observed extrasolar planets and their interpretation as mirror planets orbiting 
ordinary stars (Foot 1999, 2001a). One can imagine a reversed situation: an ordinary planet orbit- 
ing mirror star. Remarkably eighteen "isolated planetary mass objects" were actually discovered 
(Zapatero Osorio et al. 2000, Lucas and Roche 2000; See also Tamura et al. 1998) in a Orionis 
star cluster. Instead of being really isolated, which will challenge conventional theories of planet 



^The possibility that the protosolar nebula could contain "shadow" matter and its evolution could lead to the 
formation of some mirror solar objects, like Nemesis, was also mentioned in Kolb et al. 1985. But this idea was not 
further developed in Kolb et al. 1985 and even taken seriously, because it was thought that big bang nucleosynthesis 
data excludes the "shadow world" with completely symmetric microphysics. 
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formation, these objects could be ordinary Jovian type planets orbiting invisible mirror stars (Foot 
ct al. 2000a). This idea can be tested by searching for a periodic Doppler shift of absorption lines 
in the planet emanation spectra (Foot et al. 2000a), or/and by Planetary Microlensing technique 
(Mao and Paczyhski 1991; For recent review sec Sackctt 1999). 

Photon-mirror photon mixing can effect the orthopositronium lifetime (Glashow 1986) and 
lead to an interesting resolution of the orthopositronium lifetime puzzle (Foot and Gninenko 2000). 
If the mixing parameter has indeed the magnitude required for the mirror world interpretation 
of the orthopositronium anomaly (and this will be experimentally tested in future vacuum cavity 
experiments), a new window will be opened in mirror matter searches in the solar system. As 
mirror meteoroids would effectively interact with Earth's atmosphere in this case, releasing most of 
their kinetic energy in the atmosphere and possibly ending in atmospheric explosion (Foot 2001b, 
Foot and Gninenko 2000). In such "Tunguska-like" events neither meteoroid fragments nor any 
significant crater would be found. Also, any ordinary matter accreted onto the mirror companion 
can potentially become hot due to the coupling of mirror matter to ordinary matter via the photon 
-mirror photon mixing. This may make the mirror companion potentially observable (and may be 
appear to have the characteristics of a strange type of white dwarf, especially if the companion 
object is of stellar weight) (Foot et al. 2000b). 

Another means of investigating the Nemesis hypothesis is provided by exploration of cratering 
rates of the nearby celestial bodies such as the Moon and the Mars. It was argued (Muller 1993) 
that the age distribution of craters on the Moon can be studied by using lunar spherulus. A pilot 
study had been already performed (Culler et al. 2000) using 155 spherulus from the lunar soil 
delivered by Appolo-14 mission. The results are promising. Prom 3 Gyr ago until about 0.4 Gyr 
ago the inferred cratering rate gradually decreases. This is consistent with expectation that the 
density of potential impactors (asteroids and comets) should decrease as time goes by, because 
Jupiter slowly eliminates them by deflecting them into the Sun or ejecting them out of the solar 
system. At 0.4 Gyr, however, the rate suddenly increases by a factor of 3.7 ± 1.2 and returns to 
the level it had 3 Gyr earlier. This fact has "a ready explanation" (Culler et al. 2000) in the 
framework of the Nemesis hypothesis. One can imagine that just about 0.4 Gyr ago the Nemesis 
was perturbed into a more eccentric orbit by a passing star, thus becoming able to approach the 
Oort cloud closely at every subsequent perihelions and trigger comet showers. 

The median age uncertainty, achieved thus far in the lunar spherule project, is about 150 Myr 
not sufficient to resolve a 26 Myr periodicity - the main prediction of the Nemesis hypothesis. But 
future similar studies will hopefully reach the necessary precision. If the 26 Myr periodicity in 
cratering rates is unambiguously established but the Nemesis nevertheless is not found in future 
parallax surveys of the stars as dim as 10th magnitude (the Hipparcos satellite surveyed only about 
1/4 of the known candidates (Culler et al. 2000)), the mirror option will get strong support. 

Even if mirror solar companions exist and are invisible, then their existence could still be 
confirmed! Even completely dark compact gravitating objects reveal themselves through the grav- 
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itational lensing effect they produce on background stars (Paczynski 1997, Roulet and MoUerach 
1997). It is expected that Space Intcrferometry Mission (SIM), planned to be launched in 2005, will 
allow a determination of the mass, the distance, and the proper motion of virtually any MACHO 
capable of inducing a microlensing event (Miralda-Escude 1996, Paczynski 1998). For putative 
microlensing event due to Nemesis the angular Einstein ring radius would be (Paczynski 1998) 



where Mjv is the Nemesis mass and D^q the distance to it. Thus it will be resolved by SIM which 
is expected to have angular resolution of about 10 mas. Therefore if such a microlensing event is 
really detected, it will give a very detailed information about Nemesis. The only problem is that 
because the present position of the Nemesis is unknown we are forced to relay merely on a chance 
to discover the event or perform a full sky dedicated search for it. 

Whether or not mirror matter exists will become clearer as time goes by. In the mean time, 
it is fun to think about the implications of fascinating possibilities such as mirror planets in our 
solar system. In addition to the (admittedly very speculative) evidence for faint solar companions 
provided by observations discussed above, it is also possible that some other much closer and smaller 
mirror planet can also exist. Over time, if its orbit is eccentric enough, such planet can approach to 
various "normal" solar planets and cause observed oddities in the solar system, like Pluto's orbit. 
We can also speculate that the formation of the Moon was a result of tidal fission of the Earth 
caused by a close encounter with a mirror planet. 

But speculations apart, the hypothesis that there are some mirror objects in the solar system 
is in principle testable hypothesis, because these mirror objects can lead to observable effects due 
to their gravitational interactions and they may also observably radiate if they contain enough 
ordinary matter. 

Acknowledgement 

R.F. is an Australian Research Fellow. We also thank J. B. Murray and J. Matese for correspon- 
dence. 



Akama, K. 1982. Pregeometry. Lecture Notes of Physics 176, 267-271 [hep-th/0001113]. 

Akhmedov, E. K., Z. G. Berezhiani, and G. Senjanovic 1992. Planck scale physics and neutrino 
masses. Phys. Rev. Lett. 69, 3013-3016. 

Alvarez, W., and R. A. Muller 1984. Evidence in Crater Ages for Periodic Impacts on the Earth. 
Nature 308, 718-720. 




REFERENCES 



- 7- 



Arkani-Hamed, N., S. Dimopoulos, and G. Dvali 1998. The hierarchy problem and new dimensions 
at a milhmeter. Phys. Lett. B 429, 263-272. 

Barr, S. M., D. Chang, and G. Senjanovic 1991. Strong CP problem and parity. Phys. Rev. Lett. 
67, 2765-2768. 

Berezhiani, Z.G. 1996. Astrophysical Implications of the Mirror World with Broken Mirror Parity. 
Acta Phys. Polon. B 27, 1503-1516. 

Berezhiani, Z. G., and R. N. Mohapatra 1995. Reconciling present neutrino puzzles: Sterile neutri- 
nos as mirror neutrinos. Phys. Rev. D 52, 6607-6611. 

Berezhiani, Z. G., A. D. Dolgov, and R. N. Mohapatra 1996. Asymmetric Inflationary Reheating 
and the Nature of Mirror Universe. Phys. Lett. B 375, 26-36. 

Berezhiani, Z. G., D. Comelli, and F. L. Villante 2000. The early mirror universe: Inflation, baryo- 
genesis, nucleosynthesis and dark matter. Phys. Lett. B 503, 362-375. 

Berezinsky, V. S., and A. Vilenkin 2000. Ultra high energy neutrinos from hidden-sector topological 
defects. Phys. Rev. D 62, 083512. 

Bell, N. F., and R. R. Volkas 1999. Mirror matter and primordial black holes. Phys. Rev. D 59, 
107301. 

Blinnikov, S. I. 1998. A quest for weak objects and for invisible stars, astro-ph/9801015. 

Blinnikov, S. I. 1999. Gamma-ray Bursts Produced by Mirror Stars, astro-ph/9902305. 

Blinnikov, S. I. 2000. Cosmic Gamma-ray Bursts. Surveys High Energ. Phys. 15, 37-74. 

Blinnikov, S. I., and M. Y. Khlopov 1982. On Possible Effects Of Mirror Particles. Sov. J. Nucl. 
Phys. 36, 472. 

Blinnikov, S. I., and M. Y. Khlopov 1983. Possible astronomical effects of mirror particles. Sov. 
Astron. 27, 371-375. 

Carlson, E. D., and S. L. Glashow 1987. Nucleosynthesis Versus The Mirror Universe. Phys. Lett. 
B 193, 168. 

Clube, S. V. M., and W. M. Napier 1984. Terrestrial catastrophism - Nemesis or galaxy? Nature 
311, 635-636. 

Collie, M., and R. Foot 1998. Neutrino masses in the SU{5) x SU{5y mirror symmetric model. 
Phys. Lett. B 432, 134-138. 

Culler, T.S., T. Becker, R. A. Muller, and P. R. Renne 2000. Lunar impact history from ^^Ar/^^Ar 
dating of glass spherules. Science 287, 1785-1788. 



-8- 



Davis, M., P. Hut, and R. A. Muller 1984. Extinction of species by periodic comet showers. Nature 
308, 715-717. 

Erben, T., L. van Waerbeke, Y. Mellier, P. Schneider, J. -C. Cuillandre, F. J. Castander, and M. 
Dantel-Fort 2000. Mass-detection of a matter concentration projected near the cluster Abell 
1942: Dark clump or high-redshift cluster? Astron. Astrophys. 355, 23-36. 

Preese, K., B. Fields, and D. Graff 1999. Limits on Stellar Objects as the Dark Matter of Our Halo: 
Nonbaryonic Dark Matter Seems to be Required, astro-ph/9904401- 

Foot, R. 1994. Neutrino oscillations and the exact parity model. Mod. Phys. Lett. A 9, 169-180. 

Foot, R. 1999a. Have mirror stars been observed? Phys. Lett. B 452, 83-86. 

Foot, R. 1999b. Have mirror planets been observed? Phys. Lett. B 471, 191-194. 

Foot, R. 2000. Is the Vg oscillation solution to the atmospheric neutrino anomaly excluded 

by the superKamiokande data? Phys. Lett. B 496, 169-174. 

Foot, R. 2001a. Are mirror worlds opaque? astro-ph/0101055. 

Foot, R. 2001b. Seven (and a half) reasons to believe in mirror matter: From neutrino puzzles to 
the inferred dark matter in the universe, astro-ph/0102294. 

Foot, R., and S. N. Gninenko 2000. Can the mirror world explain the ortho-positronium lifetime 
puzzle? Phys. Lett. B 480, 171-175. 

Foot, R., and H. Lew 1994. A Novel left-right symmetric model, hep-ph/9411390. 

Foot, R., and R. R. Volkas 1995. Neutrino physics and the mirror world: How exact parity sym- 
metry explains the solar neutrino deficit, the atmospheric neutrino anomaly and the LSND 
experiment. Phys. Rev. D 52, 6595-6606. 

Foot, R., and R. R. Volkas 1997. The exact parity symmetric model and big bang nucleosynthesis. 
Astropart. Phys. 7, 283-295. 

Foot, R., and R. R. Volkas 2000. Implications of mirror neutrinos for early universe cosmology. 
Phys. Rev. D 61, 043507. 

Foot, R., H. Lew, and R. R. Volkas 1991. A Model with fundamental improper space-time symme- 
tries. Phys. Lett. B 272, 67-70. 

Foot, R., H. Lew, and R. R. Volkas 1992. Possible consequences of parity conservation. Mod. Phys. 
Lett. A 7, 2567-2574. 

Foot, R., R. R. Volkas, and O. Yasuda 1998. Comparing and contrasting the z/^ Vj- and Ug 
solutions to the atmospheric neutrino problem with SuperKamiokande data. Phys. Rev. D 
58, 013006. 



-9- 



Foot, R., A. Y. Ignatiev, R. R. Volkas 2000a. Do "isolated" planetary mass objects orbit invisible 
stellar mass companions? astro-ph/0010502. 

Foot, R., A. Y. Ignatiev, R. R. Volkas 2000b. Physics of mirror photons, astro-ph/001 1 156. 

Fornengo, N., M. C. Gonzalez-Garcia, and J. W. Valle 2000. Updated global analysis of the atmo- 
spheric neutrino data in terms of neutrino oscillations. Nucl. Phys. B 580, 58-82. 

Fukuda, Y., and 127 colleagues (Super-Kamiokande Collaboration) 1998a. Measurement of a small 
atmospheric v^/i^e ratio. Phys. Lett. B 433, 9-18. 

Fukuda, Y., and 120 colleagues (Supcr-Kamiokandc Collaboration) 1998b. Evidence for oscillation 
of atmospheric neutrinos. Phys. Rev. Lett. 81, 1562-1567. 

Glashow, S. L. 1986. Positronium Vs. The Mirror Universe. Phys. Lett. B 167, 35. 

Gray, M. E., R. S. Ellis, J. R. Lewis, R. G. McMahon, and A. E. Firth 2001. Infrared constraints 
on the dark mass concentration observed in the cluster Abell 1942. astro-ph/ 010 14-31. 

Gyuk, G., N. Dalai, and K. Griest 2000. Self-Lensing Models of the LMC. Astrophys. J. 535, 
90-103. 

Hodges, H. M. 1993. Mirror baryons as the dark matter. Phys. Rev. D 47 456-459. 

Holdom, B. 1986. Two U(1)'S And Epsilon Charge Shifts. Phys. Lett. B 166, 196. 

Holmberg, J., and C. Flynn 2000. The local density of matter mapped by Hipparcos. Mon. Not. 
Roy. Astron. Sac. 313, 209-216. 

Hut, P. 1984. How stable is an astronomical clock that can trigger mass extinctions on earth? 
Nature 311, 638-641. 

Khlopov, M. Y., G. M. Beskin, N. G Bochkarev, L. A. Pustilnik, and S. A. Pustilnik 1991. Obser- 
vational physics of a mirror world. Astron. Zh. 68, 42-57. 

Kobzarev, I., L. Okun, and I. Pomeranchuk 1966. On the possibility of observing mirror particles. 
Sov. J. Nucl. Phys. 3, 837. 

Kolb, E. W., D. Seckel, and M. S. Turner 1985. The Shadow World Of Superstring Theories. Nature 
314, 415-419. 

Langacker, P. 1999. Implications of solar and atmospheric neutrinos. Nucl. Phys. Proc. Suppl. 77, 
241-256. 

Lee, T. D., and C. N. Yang 1956. Question Of Parity Conservation In Weak Interactions. Phys. 
Rev. 104, 254-258. 



-10- 



Lindebaum, R. J., G. B. Tapper, and R. D. VioUier 2000. Gauging the shadow sector with SO (3). 
Mod. Phys. Lett. A 15, 1221-1226. 

Lucas, P. W., and P. F. Roche 2000. A population of very young brown dwarfs and free-floating 
planets in Orion. Mon. Not. Roy. Astron. Soc. 314, 858-864. 

Mao, S., And B. Paczynski 1991. Gravitational microlensing by double stars and planetary systems. 
Astrophys. J. 374, L37-L40. 

Matese, J. J., P. G. Whitman, and D. P. Whitmire 1999. Cometary Evidence of a Massive Body 
in the Outer Oort Clouds. Icarus 141, 354-366. 

Matsas, G. E., J. C. Montero, V. Pleitez, and D. A. Vanzella 1998. Dark matter: The top of the 

iceberg? hep-ph/98 10456. 

Miralda-Escude, J. 1996. Microlensing Events from Measurements of the Deflection Angle. Astro- 
phys. J. 470, L113-L116. 

Mohapatra, R. N., and D. W. Sciama 1998. Diffuse ionization in the Milky Way and sterile neutri- 
nos. hep-ph/9811446. 

Mohapatra, R. N., and V. L. Teplitz 1999. Mirror matter MACHOs. Phys. Lett. B 462, 302-309. 

Muller, R. A. 1993. Cratering rates from lunar xenospherules. Lawrence Berkeley Laboratory Report 
LBL-34I68. 

Morris, D. E., and R. A. Muller 1986. Tidal Gravitational Forces: The Infall of "New" Comets and 
Comet Showers. Icarus 65, 1-12. 

Murray, J. B. 1999. Arguments for the presence of a distant large undiscovered Solar system planet. 
Mon. Not. Roy. Astron. Soc. 309, 31-34. 

Paczynski, B. 1997. Gravitational Microlensing in the Local Group. Ann. Rev. Astron. Astrophys. 
34, 419-460. 

Paczynski, B. 1998. Gravitational Microlensing with the Space Interferometry Mission. Astrophys. 
J. 494, L23-L26. 

Pavsic, M. 1974. External Inversion, Internal Inversion, And Reflection Invariance. Int. J. Theor. 
Phys. 9, 229-244. 

Perlmutter, S., M. S. Burns, F. S. Crawford, P. G. Friedman, and J. T. Kare 1987. The Berke- 
ley search for a faint stellar companion to the Sun. In Astrophysics of Brown Dwarfs, (M. 
Kafatos, R. Harrington, and S. Maran, Eds.), pp. 87-92. Cambridge University Press, Cam- 
bridge. 



- 11 - 



Rampino, M. R., and R. B. Stothers 1984. Terrestrial mass extinctions, cometary impacts and the 
Sun's motion perpendicular to the galactic plane. Nature 308, 709-712. 

Raup, D. M., and J. J. Sepkoski 1984. Periodicity of extinctions in the geological past. Proc. Nat. 
Acad. Sci. 81, 801-805. 

Roulet, E., and S. Mollerach 1997. Microlensing. Phys. Kept. 279, 67-118. 

Rubakov, V. A., and M. E. Shaposhnikov 1983. Do We Live Inside A Domain Wall? Phys. Lett. 
B 125, 136-138. 

Sackett, P. D. 1999. Planetary Microlensing: Present Status and Long-term Goals, astro- 
ph/ 9907 185. 

Silagadze, Z. K. 1997. Neutrino mass and mirror universe. Phys. Atom. Nucl. 60, 272-275. 

Silagadze, Z. K. 1999. Mirror world versus large extra dimensions. Mod. Phys. Lett. A 14, 2321- 
2328. 

Silagadze, Z. K. 2001. TeV scale gravity, mirror universe, and . . .dinosaurs. Acta Phys. Polon. B 
32, 99-128. 

Tamura, M., Y. Itoh, Y. Oasa, and T. Nakajima 1998. Isolated and Companion Young Brown 
Dwarfs in the Taurus and Chamaeleon Molecular Clouds. Science 282, 1095-1097. 

Torbett, M. V., and R. Smoluchowski 1984. Orbital stability of the unseen solar companion linked 
to periodic extinction events. Nature 311, 641-642. 

Vandervoort, P. O., and E. A. Sather 1993. On the resonant orbit of a solar companion star in the 
gravitational field of the galaxy. Icarus 105, 26-47. 

Whitmire, D. P., and A. A. Jackson 1984. Are periodic mass extinctions driven by a distant solar 
companion? Nature 308, 713-715. 

Zapatero Osorio, M. R., V. J. S. Bejar, E. L. Martn, R. Rebolo, D. Barrado y Navascues, C. A. L. 
Bailer-Jones, and R. Mundt 2000. Discovery of Young, Isolated Planetary Mass Objects in 
the a Orionis Star Cluster. Science 290, 103-107. 



This preprint was prepared with the AAS IM^^X macros v5.0. 



